Two slightly yellowish-pigmented, oxidase-negative, rod-shaped and Gram-stain-negative bacterial strains (30TX1 T and DL20 T ), isolated from Steinernema sangi and Steinernema eapokense, respectively, during soil sampling in Vietnam were studied using a polyphasic taxonomic approach. 
Gram-negative bacteria of the genus Xenorhabdus (family Enterobacteriaceae) have been described as mutualistic bacteria showing strong associations with steinernematid entomopathogenic nematodes. These nematodes may exhibit strong insecticidal activities against a diverse group of insects together with symbiotic Xenorhabdus bacteria [1] . Isolation and classification of bacteria symbiotically associated with entomopathogenic nematodes began in 1964, when Poinar and Thomas [2] described 'Achromobacter nematophilus'. Fifteen years later, the genus Xenorhabdus was established, with 'A. nematophilus' being transferred to this genus and renamed Xenorhabus nematophila, which serves as the type species of the genus [3] . At the time of writing, 22 species with validly published names have been described worldwide [4] [5] [6] [7] [8] [9] [10] [11] .
Two yellowish-pigmented strains (30TX1 T and DL20 T ) were isolated from nematodes obtained from soil samples collected from primary forest habitats in Thuong Xuan and EaPok (Vietnam) in 1998 and 2001, respectively [12, 13] . Nematodes were harvested from the soil using a Galleria baiting technique, whereby Galleria mellonella larvae are left in collected soil until they are killed by any nematode present [12] . These nematodes were then tested for their respective bacterial symbionts, where strain 30TX1
T was found to be associated with Steinernema sangi and strain DL20
T was a symbiont of Steinernema eapokense.
Both strains were maintained and sub-cultivated under aerobic conditions on tryptic soy agar (TSA; Becton Dickinson) at 28 C with good growth after 48 h. The strains were subsequently analysed based on 16S rRNA gene sequence phylogeny and placed within the genus Xenorhabdus. Further genotypic studies included multilocus sequence analysis (MLSA) based on concatenated partial recA, dnaN, gltX, gyrB and infB gene sequences and genome-to-genome comparisons. Phenotypic properties including fatty acid methyl ester composition of whole-cell hydrolysates and further phenotypic features were analysed in parallel for the new strains, 30TX1
T and DL20 T , and their closest related type strains. Reference strains for physiological and biochemical tests and fatty acid analysis (Xenorhabdus ehlersii DSM 16337 T , Xenorhabdus ishibashii DSM 22670 T ) were grown under the same conditions as the novel strains.
Cultural and morphological characteristics were determined from cultures grown on TSA at 28 C after 48 h of growth. The Gram reaction was tested on the basis of a modified method of Gerhardt et al. [14] . Motility was tested under a light microscope on cells grown for 3 days in nutrient broth (Oxoid) at 28
C. Oxidase activity was tested using oxidase reagent (bioM erieux) according to the instructions of the manufacturer. Catalase activity was tested by gas formation after saturation with H 2 O 2 of fresh biomass grown for 48 h on TSA. Growth was investigated at different temperatures (4, 8, 10, 30, 37, 40 , 42 and 50 C) on TSA.
Both strains, 30TX1 T and DL20 T , showed a Gram-stainnegative behaviour and formed visible (diameter about 2 mm) yellowish colonies within 48 h at 28 C on nutrient agar (NA). Both strains were negative for oxidase and catalase activity, motile, and appeared as non-spore-forming rods (approx. 1 µm wide and 2 µm long). Strains 30TX1 T and DL20
T grew well on NA, brain heart infusion agar, R2A agar, TSA and MacConkey agar (Oxoid). No growth was observed on TSA below 8 C or above 39-40 C.
The 16S rRNA gene sequences of strains 30TX1 T and DL20 T were obtained from the respective genome sequences. DNA was extracted and subjected to whole genome shotgun sequencing using an Illumina HiSeq2500 sequencer. Assembled sequences were annotated and 16S rRNA gene sequences were extracted and submitted to GenBank separately under accession numbers KX602187 (DL20 T ) and KX602193 (30TX1 T ). The 16S rRNA gene sequence of strain 30TX1
T had a 20-nt-long gap between Escherichia coli positions 456 and 476 (represents a loop in the secondary structure, as determined in ARB, [15] ). The gap was not detected in any other type strains of the genera Xenorhabdus and Photorhabdus. The 16S rRNA gene sequence of strain 30TX1 T was therefore cross checked by Sanger sequencing as described previously [16] but using an additional reverse primer (907R, 5¢-CCGTCAATTCMTTTGAGTTT-3¢, [17] ) to sequence both nucleotide strands covering the gab region. The obtained sequence was identical to the genome-derived sequence, except that instead of a gab the gab region contained a DNA sequence fragment with a high number of wobble nucleotides (5¢-YRRRGTTGAATASRCYTYR-3¢). The fragment was added to the sequence placed in GenBank under accession number KX602193.
The finally corrected 16S rRNA gene sequence of strain 30TX1
T was a continuous stretch of 1526 nt spanning gene termini 18-1523 (numbering according to the E. coli rrnB scheme, [18] ). The respective sequence of strain DL20
T was 1496 nt long, spanning gene termini 18-1514.
Initial identification of the strains was carried out by BLASTN [19] against the EzTaxon-e database containing all 16S rRNA gene sequences of type strains with validly published prokaryotic names [20] . Detailed phylogenetic analyses based on nearly full-length 16S rRNA gene sequences were then performed in ARB release 5.2 [15] . The 16S rRNA gene sequences of the two novel strains were aligned with the SILVA Incremental Aligner (SINA v1.2.11; [21] ) and implemented into the 'All-Species Living Tree' Project (LTP; [22] ) database release LTPs119 (November 2014). The final alignment including all type strain sequences of the genera Xenorhabdus and Photorhabdus as well as the type strain of Morganella morganii subsp. morganii (used as an outgroup) was checked manually based on the secondary structure information of the 16S rRNA gene. Pairwise sequence similarities were calculated in ARB using the ARB neighbourjoining tool without the application of an evolutionary model. Phylogenetic trees were reconstructed with the maximum-parsimony method using DNAPARS v3.6 [23] , the maximum-likelihood method using RAxML v7.04 [24] with GTR-GAMMA and rapid bootstrap analysis, and the neighbour-joining method using ARB neighbor-joining and the Jukes-Cantor correction [25] . All trees were based on 16S rRNA gene sequences between gene termini 102 and 1450 (according to E. coli numbering) and 100 re-samplings (bootstrap-analysis; [26] ).
Strain 30TX1
T showed highest 16S rRNA gene sequence similarity to the type strain of X. ehlersii (98.9 %) and strain DL20 T to that of X. ishibashii (98.7 %). Sequence similarities to all other Xenorhabdus species were lower (<98.4 %; Table S1 , available in the online Supplementary Material). The two strains themselves shared 98.0 % 16S rRNA gene sequence similarity. Phylogenetic trees showed the placement of the two novel strains within the monophyletic genus Xenorhabdus (Fig. 1) . The clustering within the genus was not supported by high bootstrap values, which may be due to the generally high 16S rRNA gene sequence similarities (>97 %) among type strains of Xenorhabdus species (Table S1 ). However, the clustering was supported by the different treeing methods. Strain 30TX1
T clustered with the type strain of X. ehlersii and strain DL20
T with that of X. ishibashii. A direct clustering of the two strains was not obtained.
A more detailed phylogenetic analysis was performed by MLSA based on the scheme applied by Ferreira et al. [27] . Concatenated partial nucleotide and respective amino acid sequences of five housekeeping genes including recombinase A (recA), DNA polymerase III, beta subunit (dnaN), glutamyl-tRNA synthetase (gltX), DNA gyrase, beta subunit (gyrB) and translation initiation factor IF-2 (infB) were considered. Gene sequences of the novel strains were extracted from genome sequence data and submitted separately to GenBank (www.ncbi.nlm.nih.gov/genbank/). Those from the type strains of Xenorhabdus species were obtained from GenBank. Accession numbers of all included strains are listed in Table S2 . Analyses were performed in MEGA 5 v2.2.1 [28] . Full-length gene sequences of genomesequenced reference strains (listed in Table S2 ) were used to determine the correct ORF of partial sequences to translate nucleotide sequences to the alignment of respective amino acid sequences. Nucleotide sequences were aligned according to the respective amino acid sequence using CLUSTAL W [29] . First, single gene and concatenated gene-based phylogenetic trees were calculated at the nucleotide and amino acid sequence level with the neighbour-joining method using the Kimura two-parameter model (K2; [30] ; for nucleotide sequences) and the Jones-Thornton-Taylor model (JTT; [31] ) +G+I (for amino acid sequences). Final trees of concatenated sequences were calculated with the maximum-likelihood method using the GTR+G+I model for nucleotide sequences and the JTT model for amino acid sequences. Best-fitting substitution models were determined with the Bayesian information criterion (BIC, [32] ) using the maximum-likelihood model test implemented in MEGA 5. All phylogenetic trees were based on 100 re-samplings (bootstraps). A total of 4039 nt and 1342 amino acid positions were considered, among those 579, 813, 848, 850 and 951 nt and 192, 268, 282, 283 and 317 amino acid positions of the recA, dnaN, gltX, gyrB and infB genes, respectively. Pairwise nucleotide and amino acid sequence similarities were determined by the calculation of pairwise distances (pdistances) in MEGA 5.2.2. Evolutionary models were not included in this analysis.
Maximum-likelihood trees generated from concatenated nucleotide and amino acid sequences showed that the novel strains, 30TX1
T and DL20 T , formed a distinct cluster (supported by high bootstrap values) with X. ehlersii DSM 16337 T , X. ishibashii DSM 22670 T and Xenorhabdus griffiniae ID10 T (Fig. 2) . Within that cluster, strain 30TX1 T clustered with high bootstrap support with X. ehlersii DSM 16337
T and strain DL20 T with X. ishibashii GDh7 T at the level of nucleotide sequences. The distinct clustering obtained based on analysis of the concatenated sequences was obtained by all single gene-based phylogenetic analyses at the level of nucleotide sequences but with slight variations of the affiliations within the cluster (Figs S1-S5). At the level of amino acid sequences, the cluster was only determined by the gyrB-based analysis. Pairwise nucleotide and amino acid sequence similarity analysis of concatenated sequences also showed that strains 30TX1 T , DL20 T , X. ehlersii DSM 16337 T , X. ishibashii DSM 22670 T and X. griffiniae ID10 T shared a closer relationship among each other than to other type strains of the genus Xenorhabdus (Tables S3 and S4 ). Pairwise nucleotide sequence similarities of the five strains were in the range 92.9-96.2 %, and values of 85.0-92.0 % were found to other Xenorhabdus species. At the level of amino acid sequences, pairwise sequence similarities were in the range 97.6-98.6 % within the cluster and 94.9-97.2 % to other Xenorhabdus type strains. Only nucleotide and amino acid sequence positions present in all analysed type strains were considered here. Strain 30TX1
T shared highest nucleotide sequence similarity with X. ehlersii DSM 16337 T (96.2 %), followed by strain DL20 T (95.2 %), X. griffiniae ID10 T (94.8 %) and X. ishibashii GDh7 T (94.6 %). Strain DL20 T shared highest nucleotide sequence similarity with strain 30TX1 T (95.3 %) followed by X. ishibashii GDh7 T (95.3 %) and X. ehlersii DSM 16337 T (95.3 %). The sequence similarity to X. griffiniae ID10
T was lower (93.4 %).
Pairwise sequence similarities were all low enough to indicate clear differences between strains 30TX1 T and DL20 T and to the two closest related type strains. Other species within the genus Xenorhabdus shared higher sequence similarities (Tables S3 and S4 ).
Experimental DNA-DNA hybridization experiments were performed between strain 30TX1 T and X. ishibashii DSM 22670 T (sharing >98.4 % 16S rRNA gene sequence similarity) according to the method of Ziemke et al. [33] (except that for nick translation 2 µg of DNA was labelled during 3 h of incubation at 15 C). Strain DL20 T showed a low DNA-DNA hybridization value to X. ishibashii DSM 22670 T (53 %) confirming the distinct species status of the strain.
Genome-to-genome comparisons were performed with the two novel strains, 30TX1
T and DL20 T , X. ishibashii DSM 22670 T and X. ehlersii DSM 16337 T . Average nucleotide identities (ANIs) were calculated in EzGenome (www.ezbiocloud.net/ezgenome; [20] ), using the algorithm published by Goris et al. [34] . Table S2 . Phylogenetic trees were calculated in MEGA5 using the maximum-likelihood methods with the GTR+G+I model for nucleotidebased analysis and the JTT+G+I model for amino acid-based analysis. Both phylogenetic trees were based on 100 replications (bootstraps). The concatenated sequence consisted of 579, 813, 848, 850 and 951 nucleotide and 192, 268, 282, 283 and 317 amino acid sequence positions of recA, dnaN, gltX, gyrB and infB, respectively. Nodes marked with filled circles were also present in the neighbour-joining trees. Larger circles represent nodes with !70 % bootstrap support. Bootstrap values <70 % were removed from the tree.
Morganella morganii SC01
T was used as an outgroup. Bars, 0.01 nucleotide or amino acid substitutions per sequence position. T was slightly lower, 91.4 % (reciprocal 91.9 %). All ANI values were below the 95-96 % cutoff value representing the species boundary as proposed by Richter and Rosselló-Móra [35] .
Detailed physiological characterization and biochemical tests of strains 30TX1
T and DL20 T and their two most closest related species were performed to assess acid production from sugars, carbon source utilization patterns and hydrolysis of chromogenic substrates as described by K€ ampfer et al. [36] . Additional biochemical tests were performed with the API 20E and API 20NE kits (bioM erieux) according to the instructions of the manufacturer. The novel strains utilized many carbon sources, similar to all Xenorhabdus species, and were able to hydrolyse many chromogenic substrates. The biochemical/physiological data are given in Table 1 and in the species descriptions, and a clear differentiation from the most closely related Xenorhabdus species was possible.
The analysis of cellular fatty acid profiles of whole-cell hydrolysates was done as described previously [37] using late exponentially grown biomass after growth on TSA for 48 h. Fatty acid analysis revealed a profile typical of the genus Xenorhabdus with the following most abundant fatty acids: C 14 : 0 , C 16 : 0 , C 17 : 0 cyclo, C 16 : 1 !7c and/or iso-C 15 : 0 2-OH, and C 18 : 1 !7c. The complete fatty acid profiles of strains 30TX1
T and DL20 T are shown in Table 2 in comparison with those of the type strains of the most closely related Xenorhabdus species.
On the basis of the results of this polyphasic study, it is clear that strains 30TX1 T and DL20 T represent two novel species of the genus Xenorhabdus for which the names Xenorhabdus thuongxuanensis sp. nov. and Xenorhabdus eapokensis sp. nov. are proposed, respectively.
DESCRIPTION OF XENORHABDUS THUONGXUANENSIS SP. NOV.
Xenorhabdus thuongxuanensis (thu.ong.xuan.en¢sis. N.L. fem. adj. thuongxuanensis pertaining to Thuong Xuan, Thanh Hoa, Vietnam, where the type strain was originally isolated).
Yellowish colonies (diameter about 2 mm) are formed on TSA at 28 C. Cells are Gram-stain-negative. They are motile, non-spore-forming rods, approx. 1 µm in width and 2 µm in length. Aerobic. Oxidase-and catalase-negative. Good growth occurs after 48 h on NA, brain heart infusion agar, TSA, R2A agar (all Oxoid) and MacConkey agar T are from [9, 10] as reported by Kuwata et al. [38] . Data for X. ehlersii DSM 16337 T and X. ishibashii DSM 22670 T from this study are congruent with those reported by Kuwata et al. [38] . 
